The aim of this study was to identify SNP markers that associate with variation in beef heifer reproduction and performance of their calves. A genome-wide association study was performed by means of the Generalized Quasi-Likelihood Score (GQLS) method using heifer genotypes from the BovineSNP50 BeadChip and estimated breeding values for pre-breeding body weight (PBW), pregnancy rate (PR), calving difficulty (CD), age at first calving (AFC), calf birth weight (BWT), calf weaning weight (WWT) and calf pre-weaning average daily gain (ADG). Data consisted of 785 replacement heifers from three research herds namely; Brandon Research Centre, Brandon, University of Alberta Roy Berg Kinsella Ranch, Kinsella and Lacombe Research Centre, Lacombe, Canada. After applying a false discovery rate correction at a 5% significance level, a total of 4, 3, 3, 9, 6, 2, and 1 SNPs were significantly associated with PBW, PR, CD, AFC, BWT, WWT and ADG, respectively. These SNPs were located on chromosomes 1, 5 -7, 9, 13 -16, 19 -21, 24, 25 and 27 -29. Chromosomes 1, 5 and 24 had SNPs with pleiotropic effects. New significant SNPs that impact functional traits were detected, many of which have not been previously reported. The results of this study support quantitative genetic studies related to the inheritance of these traits, and provides new knowledge regarding beef cattle quantitative trait loci effects. The identification of these SNPs also provides a starting point to identify genes affecting heifer reproduction traits and performance of their calves (BWT, WWT and ADG), improve the understanding of the biology underlying these traits, and for potential use in marker-and genome-assisted selection and management.
and dairy (Olsen et al. 2009; Sahana et al. 2011; Wu et al. 2014) cattle. In addition, Snelling et al. (2010) and Buzanskas et al. (2014) found several chromosomal regions and SNP markers associated with birth and weaning weights of beef cattle.
Thus, the aim of this study was to identify SNP markers that associate with variation in beef heifer reproduction and performance of their calves. Genome-wide association study Association analysis was carried out by means of the Generalized Quasi-Likelihood Score method (GQLS) developed by Feng et al. (2011) and implemented in the SLEUTH software provided by Dr. Mehdi Sargolzaei (personal communication, 2014) . In this method, logistic regression was used to associate the EBVs for each trait treated as covariates with genotypes treated as a response variable. Genotypes in the AB format were coded as 0, 1 and 2
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for number of the "B" alleles observed. Analyses were conducted for one SNP at a time. Details of the mathematical theory and assumptions of GQLS can be found in Feng et al. (2011) and Buzanskas et al. (2014) . However, this methodology could not estimate SNP effects simultaneously in the analysis. Another step described below has to be carried out to obtain the effects of each significant SNP.
The false discovery rate (FDR) was used to correct for multiple testing (Benjamin and Hochberg 1995) . A maximum threshold of 5% FDR was applied to each chromosome using the chromosome-wise correction. A 5% FDR was chosen to eliminate the potential for a false positive or negative test in the identification of significant SNPs. The norminal P-value for each significant SNP was also reported.
Estimation of allele substitution and genotypic effects
Single regression analyses was carried out to estimate the allele substituition effects for each significant SNP identified in the GQLS analyses. For each trait, the EBV was regressed against the number of copies of "B" alleles (0, 1, 2) of the significant SNP fitted as a covariate.
Similarly, a genotypic model that adjusts for non-genetic fixed effects for each analysed trait plus the genotype of the significant SNPs fitted as a classification factor was applied using the raw phenotypes as the response variable. Subsequently, the least square means for each genotypic class was predicted. All analyses were conducted in R statistical software using default programs where applicable (Ihaka and Gentleman 1996) .
Results and discussion
Descriptive statistics, heritability and population stratification
The descriptive statistics and heritability estimates for heifer reproduction traits and performance of their calves are given in Table 1 . Crossbred heifers on average, weighed 392 kg at breeding and conceived and calved at 386 and 716 days of age, respectively, with minimal assistance in their first calving. Resulting calves weighed about 38 kg and 240 kg at birth and weaning, respectively, growing at a rate of 0.98 kg/d. The heritability estimates for the studied traits were low to moderate and agreed with previous findings, as described by Cammack et al. (2009) . Angus, Charolais or Hereford present. Further evidence to support this finding is shown in Figure 2 which depicts the proportion of the various breeds in each of the studied animals. Angus breed (red color) was greatly represented in over 98% of the studied population. This is followed by Charolais (green color) and Hereford (blue color). The Kinsella hybrids which appear in orange color are heavily influenced by Angus and Hereford breeds with the known infusion of
Holstein. The PPC test result from PLINK generated 97 clusters or groups based on breed ancestry which were used to account for population stratification in the subsequent analysis.
Distribution of significant SNPs associated with studied traits
The number of SNPs evaluated in each Bos taurus autosome (BTA) and the distribution of chromosome-wise significant SNPs is shown in Table 2 . At the level of 5% FDR, the number of significant SNPs found to be associated with the studied traits were 4 for PBW, 3 for PR, 3 for CD, 9 for AFC, 6 for BWT, 2 for WWT and 1 for ADG. These SNPs were located on chromosomes 1, 5 -7, 9, 13 -16, 19 -21, 24, 25 and 27 -29. Chromosomes 1, 5 and 24 had significant SNPs with pleiotropic effects. Table 3 shows the result of the GQLS, single regression and genotypic model analyses including the accession number for the significant SNPs, position on the chromosome, allele substitution effects and least square means for the observed genotypes. The allele substitution effects estimated for all the identified SNPs using a single regression model and EBV as dependent variable were highly significant (P < 0.00001). In addition, the least square means predicted from raw phenotypes and observed genotypes of significant SNPs are shown.
Pre-breeding body weight (PBW)
The SNPs rs110332219, rs111011302, rs41641007 and rs109853761 located on BTAs 6, 13, 19 and 19, respectively, were significantly (P < 0.00001) associated with PBW (Table 3) .
Allele substitution effects for these SNPs were found to have an impact on PBW of between 3.17 kg and 5.27 kg. As a consequence, heifers having two copies of the positive effect alleles for any of the associated significant SNPs were heavier at breeding than heifers that had two copies of negative effect alleles, thus, these SNPs can be included in a selection program to identify replacement heifers with potential for a higher PBW at breeding, if desired. Previous studies have found a low to moderate and positive genetic correlation between body weight and conception rate in cattle (Bourdon and Brinks 1982; MacNeil et al. 1984; Boligon and Albuquerque 2011; Santana et al. 2012) . None of the SNPs identified for PBW were associated with other traits.
Pregnancy rate (PR)
The rate of pregnancy in replacement heifers was found to have low heritability (0.14 ± 0.099), which suggest that environmental factors largely control the expression of this trait.
However, the present study identified three significant SNPs on different chromosomes that have significant (P < 0.00001) association with PR (Table 3) . These SNPs, rs43161706, rs43587346
and rs43724154, showed a significant effect on log odds of EBV for PR. The result of the least square analysis showed that replacement heifers with two copies of positive effect alleles had a greater likelihood of conception (86 to 100%) in their first breeding season compared to their contemporaries that have two copies of the negative effect alleles (58 to 80% chance). Previous studies have identified numerous SNPs that are associated with variation in different pregnancy indicators in beef cattle (Cole et al. 2011; Hawkens et al. 2012; Wu et al. 2014) and mapped D r a f t 11 them to several cattle BTAs including those observed in this study. Greater lifetime production has been associated with heifers that conceive early in their first breeding season (Lesmeister et al. 1973) , thus, an effort to increase conception rate of young heifers using genomics would be beneficial to the beef cattle industry.
Calving difficulty (CD)
The incidence of calving difficulty is often observed among young heifers with calves having heavier birth weight (Basarab et al. 1993a,b; Sheldon and Dobson 2003) . Three SNPs rs43428256, rs41624797 and rs41813617 located on different chromosomes were found to be significantly (P < 0.00001) associated with CD in young heifers (Table 3 ). These SNPs also had a significant impact on log odds of EBV for CD. Young heifers having two copies of the negative effect alleles showed a decrease in the likelihood for normal calving and thus, a likely The highest number of significant SNPs identified in this study where associated with AFC ( Table 2) . Two of these SNPs were on BTA24 and three were on BTA25 and BTA29. The heritability of AFC ranges from 0.01 to 0.27 in beef cattle (Cammack et al. 2009 ) and is highly genetically correlated with age at subsequent calving as well as calving interval (Gutiérrez et al. 2002) . As a consequence, AFC is often used to evaluate heifer fertility. Heifers having two copies of alleles with a negative allele substitution effects for SNPs rs108946497, rs109311252
and rs42164599 were found to calve between 708 -716 days of age which is 11 days earlier than their contemporaries (718 -728 days) with two copies of positive effect alleles. Despite short calving intervals, a later AFC is associated with a decrease in lifetime productivity of the beef cows (Gutiérrez et al. 2002) .
In addition, SNP rs108946497 which was found to be associated with AFC was located on the same BTA24 with another SNP rs108969215 identified to be associated with BWT. These WWT and ADG. For BWT, six SNPs including SNPs rs42792088, rs42792101, rs108969215, rs109575263, rs110600672 and rs110786757 were identified to be significantly (P < 0.00001) associated with the trait (Table 3) . Two of the these SNPs, rs42792088 and rs42792101, were located on BTA27 at approximately 21.0 kilobase pairs apart and are likely to be associated with the same underlying QTL controling BWT of calves.
The occurrence of SNPs rs109575263 and rs108969215 located on BTA5 and BTA24
with other SNPs associated with CD and AFC, have been described above. Such pleiotropic effects can bring about correlated response in the associated traits. Contrary to the results of this study, Snelling et al. (2010) and Buzanskas et al. (2014) identified SNPs associated with BWT on BTA4, BTA6 and BTA9 based on using the calf's genotype rather than the maternal genotype. However, Snelling et al. (2010) also performed GWAS on dam genotype but significant association with BWT were not observed. In addition, significant associations between SNP and traits are highly dependent on the datasets used (particularly if different breeds and breed combinations are involved). Thus, it is likely that differences are simply a sampling issue.
D r a f t
Two SNPs were found to be significantly associated with WWT and ADG. On BTA1, a pleiotropic effect for SNP rs29016259 was found between WWT and ADG which corroborates the high and positive genetic correlation that is known to exist between the two traits (Kennedy and Henderson 1975) . This is very likely because of the relationship between WWT and computation of ADG and suggests that maternal genes that act on WWT also act on ADG.
Previouly, Snelling et al. (2010) and Buzanskas et al. (2014) observed pleiotropic effects for BWT, WWT and yearling weight of beef cattle in a GWAS. In general, our findings agree with expected results from quantitative genetic studies where high correlation exist between direct and maternal genetic effects for BWT, WWT and ADG, and demonstrate genetic correlations of moderate to high magnitude between reproduction traits and performance of calves (BWT, WWT and ADG).
Conclusion
The Generalized Quasi-Likelihood Score method was used to perform a genome-wide association study on Canadian crossbred replacement heifers. Chromosomal regions were identified to be associated with seven heifer reproduction traits and performance of their calves. 
